Li-rich hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 sample was successfully synthesized by a coprecipitation approach followed by high-temperature calcinations. The compositions and structures of Li-rich hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) and the results revealed that the sample possesses typical a-NaFeO2 layered structures with a weak reflection of LiMnO6, and of hollow microspherical morphology with porous surfaces. Electrochemical measurements showed that the Li-rich hollow microspheres deliver good cycling stabilities and rate capabilities with initial discharge capacities of 229, 213 and 202 mAh g -1 at current density of 340, 680 and 1000 mA g -1 , respectively, with fewer capacity above 4.5 V than that of Li-rich spinel-layered LiNi-Mn-Co-O cathode materials. The excellent electrochemical performances of hollow microspherical .38]O2 could be related to the synergistic effect of wellregulated morphologies and appropriate sizes as well as the porous surfaces.
INTRODUCTION
Rechargeable Li-ion batteries have been widely utilized in various instruments that uses electrisity such as in tablet computers, mobile phones and other portable electronic devices as well as in the field of energy-storage power stations, electric vehicles, medical equipments, aerospaces. Such batteries have the potential for broad application in the future because they meet most of performance requirements, such as high energy and high power density. The demands for the next generation Li-ion batteries with high-performances have increased in terms of improved energy density, safety and cost [1] . Among all the available options, adopting cathodes with higher capacities are one of the most effective approaches to improve the energy density [2, 3] . On this point, composites of Li2MnO3 and LiNi0.5Mn0.5O2 have many advantages, such as delivering high discharge capacities of more than 250 mAh g -1 in the voltage range of 2.0-4.8 V and exhibiting excellent cycling performances [4] [5] [6] , which make them ideal candidates as cathode materials. However, these Li-rich materials suffer from some drawbacks, including large irreversible capacity losses in the initial cycle, capacity and discharge voltage fading in subsequent cycles and so on [7, 8] . Considerable efforts have been applied to improve the electrochemical properties of cathode materials by doping with ions [9] [10] [11] [12] [13] [14] to stabilize the crystal structure, applying surface coatings [15] [16] [17] [18] [19] [20] to suppress undesired surface side reactions, utilizing different morphologies or particle sizes [21] [22] [23] [24] [25] [26] [27] [28] to reduce the Li-ion diffusion length, and so on. However, during the 1 st charging process, irreversible oxygen loss also occurs, leading to a large irreversible capacity and subsequent deterioration of the cycling performance [29] .
The effective way to improve the rate performances of the cathode materials is to reduce the particle size to nanoscale levels owing to shortened Li-ion diffusion pathways. However, side reactions can be promoted due to the low tap density and high surface area of nanoscale particles. In contrast, microsized spherical particles have some advantagies such as better fluidity, and dispersity than irregular particles, as well as higher tap densities [30] , which are suitable for preparing cathode materials. Therefore, Li-rich materials with porous microstructures are highly desired for Li-ion batteries.
In our work, Li-rich hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 was successfully synthesized by a coprecipitation approach followed by high-temperature calcination. Further, the structure and electrochemical properties of this material were investigated.
EXPERIMENT

Synthesis of Li[Li0.24Ni0.38Mn0.38]O2
Li[Li0.24Ni0.38Mn0.38]O2 materials were prepared by a solid state reaction from lithium carbonate (Li2CO3) and nickel-manganese carbonate (Ni0.5Mn0.5CO3) [31] . Nickel-manganese carbonate was prepared by coprecipitation from aqueous mixture of NiSO4·6H2O, MnSO4·H2O (Ni:Mn = 1:1, molar ratio; the combined concentration was 0.04 mol L -1 , marked solution A) and 0.10 mol L -1 Na2CO3 aqueous solution (marked solution B). The solution A and B were mixed slowly in a reactor filled with nitrogen with continuous stirring. The pH of the mixed solution was kept in the range of 8~9 at 55 o C during the precipitation process. As-synthesized precursor Ni0.5Mn0.5CO3 was collected by suction filtracion and wash them quickly and then dry at around 100 o C under vacuum about 10 h. To prepare Li[Li0.24Ni0.38Mn0.38]O2, the obtained (Mn0.5Ni0.5)CO3 and Li2CO3 were mixed at a molar ratio of 1:0.78 by grinding with absolute ethyl alcohol, and the mixture was pressed into pellets. The pellets were heated at 500 o C for 3 h in air before heating up to 900 o C for 15 h and then quenched to room temperature.
Materials characterization
XRD patterns of the samples were investigated with a D/MAX-2500 X-ray diffractometer (made in Japan) using Cu K radiation in the 2 theta range of 10-80 o . The contents of the elements in the synthesized samples were determined by inductively coupled plasma (ICP) that recorded on Thermo Fisher ICAP 6300. The morphology and particle size of the samples were investigated by field emission scanning electron microscopy (SEM) on a JSM-6700F instrument working at 5 KV. The valence states of metal ions were determined by X-ray photoelectron spectroscopy (XPS) performed on an ESCA-LAB MKⅡapparatus performed with a monochromatic Al K X-ray source.
Electrochemical measurements
Charge and discharge profiles were collected by galvanostatically cycling between 2.5 and 4.8 V (Shenzhen Neware, BTS, China). For the preparation of cathode sheets, slurry was formed by mixing the active material, acetylene black, and binder (polyvinylidene fluoride, dissolved in Nmethyl-2-pyrrolidone) in a weight ratio of 8:1:1. The slurry was spread uniformly on aluminium foil substrate, cut into slices (1cm×1cm) as the electodes and yielding an active material loading of 0.4 mg cm -1 . The electrodes were dried under vacuum at 120 °C for 10 h and then pressed under 60 MPa and weighted. 1 M LiPF6 in a 1:1 ethylene carbonate/diethyl carbonate was used as electrolyte, and lithium foil was used as anode. A thin sheet of microporous polypropylene insulated the positive electrode from negative electrodes. Battery assembly was carried out in an argon-filled glove box. Cyclic voltammetry (CV) were carried out on electrochemical workstation (CHI 660C) with a scan range of 2.5-4.8 V (vs.Li/Li + ) at a scan rate of 0.2 mV s -1 .
RESULTS AND DISCUSSION
The chemical compositions (wt.%) of the prepared precursor and product determined by ICP are summarized in Table 1 . The measured cation ratios of Ni:Mn and Li:Ni:Mn are in good agreement with the intended composition, which implies that the metal oxides react homogeneously. The XRD pattern of spherical Ni0.5Mn0.5CO3 precursor is shown in Figure 1 . All the diffraction peaks of Ni0.5Mn0.5CO3 can be readily indexed to a hexagonal structure belonging to space group R-3c, which is consistent with isostructural MnCO3, where some Mn has been replaced by Ni within the carbonate matrix.
The XRD patterns of the Li-rich hollow microspherical and nonspherical Li[Li0.24Ni0.38Mn0.38]O2 cathode materials are shown in Figure 2a and 2b. In order to elucidate the valence state of the transition metal in the hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 materials, XPS spectra were obtained as shown in Figure 4 . In the Ni XPS spectrum (Figure 4a ), the major Ni 2p peaks have binding energies of 854.8 eV (Ni 2p3/2) and 872.7 eV (Ni 2p1/2) with satellite peaks around 861.5 and 879.4 eV. On the one hand, the Ni 2p3/2 satellite peak is characteristic of Ni 2+ , identifying with the standard Ni 2+ in the LiWxNi0.5Mn1.5-xO4 sample [35] . on the other hand, the binding energy of Ni 2p1/2 is similar to the Ni 2+ in the Li2MnO3·LiMn1/3Ni1/3Co1/3O2 [36] . With regarding to the Ni 2p3/2 main peak, it has been previously reported that the binding energy of Ni 2+ in Li1.16Ni0.15Co0.19Mn0.50O2 is 854.0 eV [37] and that of Ni 3+ in LiNiO2 is at 855.5 eV [38] . As for this work, the binding energy at 854.8 eV is exactly located in the range of 854.0 and 855.3 eV, indicating the oxidation state of Ni ions consists of mixed +2 and +3 [39] . The Mn XPS spectrum shows a characteristic Mn 2p3/2 peak at a binding energy of 643.5 eV (Figure 4b ), which is closer to the value measured for Mn 4+ in l-MnO2 (642.4 eV) than that for Mn 3+ in Li2Mn2O4 (641.1 eV) [40] .
Therefore, the valence of Mn in Li[Li0.24Ni0.38Mn0.38]O2 is considered to be tetravalent, without any Mn 3+ . The fabrication procedure for hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 can be briefly described in Figure 5 . Uniform Ni0.5Mn0.5CO3 microspheres prepared by the precipitation method are employed as the precursor in the synthesis. In the process of grinding the mixture of Ni0.5Mn0.5CO3, Li2CO3 and ethanol, Li2CO3 is attached to the surface or infiltrated to the inside of the spherical particles in the effects of ethanol. At high temperatures, the mixture of Ni0.5Mn0.5CO3 and Li2CO3 undergoes multistep and rather complicated reactions. Firstly, the Ni0.5Mn0.5CO3 microspheres and Li2CO3 are converted into (Ni0.5Mn0.5)2O3 and Li2O by thermal decomposition at 500 o C according to the following chemical equations:
2Ni0.5Mn0.5CO3 +2O2 → (Ni0.5Mn0.5)2O3 + 2CO2 Li2CO3→ Li2O +CO2 The microsphere morphology is retained after the annealing process and obtained (Ni0.5Mn0.5)2O3 is highly porous owing to the release of CO2 during thermal decomposition. And then, 19(Ni0.5Mn0.5)2O3 + 31Li2O + 6O2 → 50Li[Li0.24Ni0.38Mn0.38]O2, and the fast outward diffusion of Mn, Ni, and Li atoms, and the slow inward diffusion of O atoms are proposed to be responsible for the formation of hollow cavities in the Li[Li0.24Ni0.38Mn0.38]O2 microspheres [41, 42] .
CV was applied to investigate the redox reactions that occur during the cycling process ( Figure 6 However, there is also a very small anodic peak located in the potential range of 4.5-4.8 V, which indicates that there is a very small amount of oxygen released from Li2MnO3-type component during the initial charge process for both the hollow microspherical and nonspherical Li[Li0.24Ni0.38Mn0.38]O2 materials [45] . In addition, the oxidation peaks of hollow microspherical and nonspherical Li[Li0.24Ni0.38Mn0.38]O2 are located at 4.12 and 4.18 V, respectively, whereas the reduction peaks are located at a similar voltage, 3.73 V. Therefore, the difference in the peak potentials of hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 is slightly smaller than that of nonspherical Li[Li0.24Ni0.38Mn0.38]O2, demonstrating the better reversibility of intercalation and deintercalation in hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2.
The galvanostatic charge/discharge curves of the hollow microspherical and nonspherical Li[Li0.24Ni0.38Mn0.38]O2 samples at a current rate of 170 mA g -1 are presented in Figure 7a and 7b, it is evident that both the hollow microspherical and nonspherical materials exhibit a plateau at about 4.5 V in the initial charging curves, in agreement with the results of the CV experiments. This result can be mainly attributed to Li extraction accompanied by partial oxidation of the oxide ions, resulting in an irreversible loss of oxygen from the lattice [34, 46] . The characteristic reaction of Li-rich layered oxides during their initial charging process often leads to the formation of microcracks and amorphous domains on the surface, which in turn triggers a large irreversible capacity loss during the initial cycle that subsequently leads to capacity fading [47] . Cycle Number
However, compared with Li-rich Li-Ni-Mn-Co-O and Li-Ni-Mn-O layered cathode materials [24, [48] [49] [50] [51] [52] [53] , the as-prepared Li-rich Li[Li0.24Ni0.38Mn0.38]O2 layered samples demonstrates only smaller initial charge and discharge capacities fading, indicating that the as-prepared Li[Li0.24Ni0.38Mn0.38]O2 layers inhibit electrochemical activation of Li2MnO4 in cathode material, which is accompanied by an extended release of oxygen and electrolyte side reaction during the initial charging process. However, no plateau is observed at about 4.5 V in the second and subsequent charging processes (Figure 7a) , indicating that the release of oxygen and electrolyte side reactions only occurred during the first charging process. In addition, a discharge voltage lower than 3.5 V is not observed during the second and subsequent discharge processes, demonstrating that the Mn 4+ are not reduced to a trivalent state by the irreversible release of oxygen during the first charging process [54] . Moreover, the cyclabilities of the hollow microspherical and nonspherical Li[Li0.24Ni0.38Mn0.38]O2 samples are ameliorated, as shown in Figure 7c . When charged and discharged over 2.5-4.8 V for 51 cycles, the nonspherical Li-rich material showed fast capacity fading, with only 77.83% of its initial capacity retained. In contrast, the hollow microspherical material showed a capacity of 213 mAh g -1 , with 90.2% of its initial capacity retained after 51 cycles. Figure 8a displays the initial charge and discharge curves of hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 in the voltage range of 2.5-4.8 V at various current densities (340, 680 and 1000 mA g -1 ). As shown, there is a decrease in the plateau at 4.5 V in the initial charging process as the current density increases. This observation does not mean that the amounts of released oxygen and electrolyte side reactions decrease during the initial charging process, but that the rates of oxygen release and Li extraction increase with increasing of current density. Therefore, these phenomena are indicated by the decrease in the plateau at 4.5 V in the initial charge curves. Figure 8c shows that the storage capacity of the hollow microspheres is stable at each current density. It can be noticed that the specific capacity returns to its original value soon after the rate reverses back to 50 mA g -1 ,
revealing the superior reversibility of the hollow microspheres. Upon increasing the current density, the gradual reduction in the storage capacity of the hollow microspheres is not due to an irreversible structural change, but to diffusion-limited end-of-life polarization resulting from limited electronic conductivity and slow Li-ion diffusion, either across the electrolyte-electrode interface or within the bulk of the microspheres [15] . The remarkable electrochemical performance might be related to the advantageous structure of these hollow microspheres. Firstly, the hollow microspherical porous framework composed of nanoparticles with a large surface area affords a reduced Li-ion diffusion length, resulting in improved electrochemical kinetics. Secondly, the void space in the interior together with the porous shell provides abundant and hierarchical channels for facile penetration of the electrolyte into the active material. Thirdly, hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 could provide significantly improved structural integrity by partly mitigating the mechanical strain of the volume changes associated with repeated Li-ion intercalation/deintercalation processes during cycling, which might contribute greatly to the excellent cycling stability [31, 65] .
CONCLUSIONS
In conclusion, Li-rich hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 as cathode material for Li-ion batteries was prepared by a coprecipitation approach followed by high-temperature calcination. Characterization revealed that the sample possesses a typical a-NaFeO2 layered structure with a weak reflection corresponding to LiMnO6, a low degree of cation mixing, and hollow microspheres with porous surfaces. Hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 exhibited a high discharge capacity of 213 mAh g -1 after 51 cycles in the potential range of 2.5-4.8 V at a current of 170 mA g -1 , with oxygen release and electrolyte side reactions only occurring in the first charging process. Further, as hollow microspherical Li[Li0.24Ni0.38Mn0.38]O2 delivered good cycling stability and rate capability, it is a promising cathode candidate for high-energy-density Li-ion batteries.
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